Renewable and Sustainable Energy Reviews 29 (2014) 847-853 


Contents lists available at ScienceDirect 


Renewable and Sustainable Energy Reviews 


journal homepage: www.elsevier.com/locate/rser 


Recent developments and prospects for algae-based fuels in the US 


® CrossMark 


Jadwiga R. Ziolkowska *, Leo Simon 


University of California at Berkeley, Department of Agricultural & Resource Economics, 207 Giannini Hall #3310, Berkeley, CA 94720-3310, United States 


ARTICLE INFO ABSTRACT 


Article history: 

Received 10 April 2013 
Accepted 8 September 2013 
Available online 2 October 2013 


In recent years, algae-based fuels have received a growing interest of the industry sector and the US 
Government as a sustainable and renewable energy source. Algae constitute a unique feedstock as they 
contain high levels of both lipids and sugars and, thus, can be used for both biodiesel and ethanol 
production successively, in a two-stage process. In addition, the production of algae-based fuels shows a 
Keywords: low environmental footprint and high energy efficiency. Algae can produce between 10 and 100 times 
Algae more oil per acre as compared with traditional oil crops (e.g., oil palm) and can also grow 20-30 times 
Algae-based fuel faster than food crops. The production of algae does not compete with traditional crops for fresh water, 
Advanced biofuels high quality soil or fertilizers and, if cultivated off-shore, algae production does not require land 
Renewable energy resources at all. Furthermore, algae-based fuel is carbon-neutral, as algae assimilate similar amounts of 


us CO; for its growth as is released upon fuel combustion. From the policy perspective, algae-based fuels can 
provide a buffer for mitigating the food/feed vs. fuel problem in the long-term. 

The paper analyzes and discusses very recent developments in the algae R&D from the economic, 
environmental and policy perspective. It presents ways for solving the economic impediments as well as 
prospects for the commercialization of the algae technology in the near future. It covers multiple 
scientific and industry-related research and experimental studies to provide a comprehensive picture of 
the trends and patterns in the field. 

© 2013 Elsevier Ltd. All rights reserved. 
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1. Opportunities for algae technology on the biofuels market 


In 2010, the US was importing two-thirds of its petroleum, 
60% of which being used for producing transportation fuels [1]. 
Growing demand for oil, limited oil reserves, oil price volatilities, and 
greenhouse gas (GHG) emissions from gasoline combustion are only 
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a few aspects triggering policy interests in national biofuels produc- 
tion. In recent years, conventional biofuels from food crops (e.g., 
corn, soybean, canola) have turned out to create a difficult 
tradeoffs market condition between food/feed and fuel produc- 
tion, especially recently in the face of unexpected weather events 
and the 2011-2012 drought. Thus, advanced biofuels from cellu- 
losic plant material (e.g., switchgrass, miscanthus) or oil plants 
(jatropha, oil palm) have become promising feedstocks in terms 
of their low environmental footprint, high energy efficiency and 
positive social impacts. Despite those positive indicators, 
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cellulosic biofuels might not reach the production/consumption 
levels as expected (compare: [2]). The reason for this includes 
many technological and production uncertainties, but most 
importantly, the new and promising technologies emerging on 
the biofuels market. One of them is algae-based fuel. 

In most research studies on algae-based fuels, the term ‘algae’ 
is used to refer to microalgae that are currently the main feedstock 
for biofuels production. Microalgae are unicellular organisms with 
less than 0.016 in. in diameter. They also comprise cyanobacteria 
(‘blue-green algae’) even though they combine characteristics of 
bacteria and algae. Both have the capacity of photosynthesis and 
binding CO, (carbon dioxide) for their growth and reproduction. 
Thus, they bear a very high potential for a positive environmental 
footprint. Despite the fact that cyanobacteria can be neurotoxic, 
cause serious health problems in humans, disturb the ecosystem 
balance in lakes and ponds and negatively impact biodiversity, it 
can also be used as a valuable and efficient feedstock for biofuels 
production. Another group of algae is macroalgae (seaweed) that 
was not very successful in experimental biofuels production to 
date with near-shore cultivation projects in China, Japan and Chile. 
The limitations for using macroalgae for large scale biofuels 
production, as compared to microalgae, are: a more complex 
structure, slower growth rate and lower oil content [3,4]. 

This paper is focused on microalgae fuel and the potential 
contribution of this algae group to advanced biofuels market in the 
near future. 

The algae-based fuel technology can be called a market innova- 
tion as it offers a unique opportunity to produce both biodiesel and 
ethanol successively in a two-step process. This is possible since 
algae contain both oil (in algae cells) and sugars (starch — the storage 
component and cellulose - the cell wall component). None of the 
other biofuels technologies currently available on the market offers 
similar advantages. 

The most efficient algae strains for ethanol production are 
Sargassum, Glacilaria, Prymnesium parvum and Euglena gracilis as 
they have the highest carbohydrate content among algal strains. 
After extracting lipids from algae cells, the left-over cake com- 
posed of carbohydrates and proteins can be converted into sugars 
and finally ethanol in the fermentation process. Fermentation of 


(a 
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the algae extract releases CO2 which can again be used to grow 
more algae [5]. 


2. Possibilities for and limitations of the algae technology 


Algae deliver the highest lipid amount among all biofuels feed- 
stocks available on the market nowadays and have a very fast growth 
rate, assuming favorable weather conditions. Oil yields from certain 
algae strains can be 300 times (and more) higher than from corn, 130 
times higher than from soybeans, 30 times higher than from jatropha, 
and approximately 10 times higher than oil palm per ha of land on an 
annual basis (see Table 1). In addition, algae can grow 20-30 times 
faster than food crops and it has a harvesting cycle of 1-10 days, which 
allows for several harvests in a very short time frame [6,7]. The 
efficiency of lipid production by algae strains depends mainly on the 
temperature and sun exposure. According to Sandias National Labora- 
tories, the most favorable growing conditions for algae are in regions 
with annual average sun hours > 2800, annual average daily tem- 
perature >55°F and annual average freeze-free days >200 [1]. 
Accordingly, Quinn et al. [8] estimated the highest annual lipid 
productivity from algae cultivated in photobioreactors to be in Hawaii 
(22-27 m?3/ha), Southern California and Arizona (20-24 m?/ha), New 
Mexico and Texas (18-22 m?/ha). However, it needs to be mentioned 
that various species of microalgae are capable of growing under a wide 
range of temperatures. Thus, depending on the algae strains, different 
regions might provide optimal growing conditions. 

The process of producing algae-based fuels (ethanol and 
biodiesel) and deriving algae-based products is complex and 
occurs in several stages (Fig. 1). Depending on the algae strain, 
applied technology, constituents and biological conversion pro- 
cesses, the cost of the final product (fuel and co-products) may 
differ. 

According to Oligea [5], producing ethanol from algae is not 
problematic in terms of the technological process. Rather, the algal 
feedstock is competitive in terms of the final product. As other 
products derived from microalgae and macroalgae (e.g., carragee- 
nan, agar) are highly priced as compared to the low-price value of 
algae-based fuels (Table 2), the economic aspects and profit 
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Fig. 1. Approaches and pathways of developing algae-based fuels and co-products. 
Source: |1]. 
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Table 1 
Oil yields from various biomass sources and biofuels productivity. 
Source: [6,17-19]. 


Crop Oil yield Biofuel Land use 
(I/ha/yr) productivity (m?/year/kg 
(kg/ha/yr) biodiesel) 
Corn 172 152 66 
Soybean 446 562 18 
Sunflower 952 946 11 
Rapeseed 1190 862 n.a. 
Jatropha 1892 656 15 
Oil palm 5950 4747 2 
Microalgae (30% oil by wt.) 58,700 51,927 0.2 
Microalgae (70% oil by wt.) 136,900 121,104 0.1 
Note: 1 l (Liter)=0.2643 gallons, 1 kg=2.2 pounds, 1 ha=2.47 acres. 
Table 2 
Global annual value of macroalgae products. 
Source: [9]. 
Product Value 
Human food (Nori, aonori, kombu, wakame, etc.) $5 billion 
Algal hydrocolloids 
Agar (Food ingredient, pharmaceutical, biological/ $132 million 
microbiological) 
Alginate (Textile printing, food additive, pharmaceutical, $213 million 
medical) 
Carrageenen (Food additive, pet food, toothpaste) $240 million 
Other uses of seaweeds 
Fertilizers and conditioners $5 million 
Animal feed $5 million 
Macroalgal biofuels Negligible 
Total $5.5-6 
billion 


maximization might be among the major factors determining the 
final use of the algal feedstock and, further, the development of 
the algae-based fuel market in the long-term. 


3. Economic, environmental, social and policy perspective 
on algae-based fuels 


Algal biomass has several characteristics that make it compe- 
titive with other biofuels feedstocks for biofuels production. 


3.1. Environmental advantages 


Algae require 2 g of CO» for every g biomass generated [10]. Thus, 
algae assimilate CO, instead of releasing it, as is the case with the 
production of most feedstocks and crops. According to Hon-Nami 
[11] and Hirayama et al. [12], one ton of CO, can be converted into 
60-70 gallons of algae-based ethanol. Therefore, algae have a huge 
potential to considerably contribute to GHG emission reductions 
right at the very first stage of the feedstock production. Therefore, 
algae-based fuel is said to be carbon-neutral, i.e., it releases the same 
amount of CO, upon fuel combustion that is assimilated by algae 
and necessary for its growth in the first place [13]. For this reason, 
algae-based fuels are said to be the most effective and sustainable 
response to climate change and the only renewable energy resource 
that has the capacity to meet the global demand for fuels in the 
long-term [14]. 

Moreover, the production of algae-based fuels can enhance 
positive external effects. Currently, the large corn ethanol plants 
are considered to be the major COz emitters (19 pounds CO3/bushel 


of corn) due to the fermentation during the ethanol production 
process. BioProcess Algae and Green Plains Renewable Energy 
created a white biotechnology and carbon remediation collabora- 
tion group to capture the CO emissions from corn-based ethanol 
production and use it for algae-based fuel production. According to 
their estimations, a 100 million gallon corn ethanol plant emits 
enough CO; to produce 140,000 t of algae. Thus, negative effects of 
corn ethanol production can be mitigated with algae production 
and create an additional welfare value | 15]. 

In the US, the corn ethanol capacity amounts to 14 billion 
gallons and represents 4.8 billion bushels of corn being processed; 
and it generates 43.2 million tons of CO. The recognition of the 
leveraging effects of algae has created a CO» trading mechanism on 
the biofuels market. Algenol (a research and development com- 
pany) has estimated their CO, acquisition at $30/ton. Even with a 
lower CO, price of $25 (which would be similar to the Australian 
CO, trading price of $A 23/ton), the amount of traded CO, would 
be enough to produce 21 million tons of algae in the US. Assuming 
the lowest lipid content in algae of 30%, it would be enough to 
produce 1.6 billion gallons of renewable diesel or biodiesel [15]. 

In addition, algae production does not compete for water resources 
with the agricultural production. Algae can be grown with wastewater 
which indicates a high environmental sustainability of this feedstock 
(compare: [1]). 


3.2. Economic advantages 


Algae have a wide range of applicability and it can provide both 
fuels and co-products for other sectors. Three components can 
be extracted from the algal biomass: lipids, carbohydrates and 
proteins. Lipids and carbohydrates can be applied for fuel produc- 
tion (e.g., gasoline, biodiesel and jet fuel, renewable hydrocarbons, 
alcohols, biogas), while proteins can be used for other purposes 
(e.g., animal/fish feeds, fertilizers, industrial enzymes, bioplastics, 
surfactants) [1]. 

Two algae strains (Chlorella vulgaris and Chlamydomonas perigra- 
nulata) have a potential of producing 4000-6000 gallons ethanol/ 
acre/year, with potential increases up to 10,000 gallons/acre/year 
provided technological developments occur (compare: [11,12]). 
Algae can produce between 10 and 100 times more oil per acre as 
compared with traditional crops (e.g., oil palm - one of the most oil- 
rich conventional biofuels feedstocks nowadays)" (compare: [16]), 
while the oil productivity of other feedstocks is even more limited 
(Table 1). 

Another economic benefit of algae-based biofuel production is 
that the algae strains can grow in saltwater and harsh conditions 
(e.g. non-arable land). Thus, they neither compete with traditional 
crops for fresh water and quality soil nor with other biofuels 
feedstocks for land, water or fertilizers. The US Department of Energy 
(DOE) estimated that in order to completely replace traditional 
gasoline with algae-based fuel in the US, 15,000 square miles of land 
for its production would be necessary. This is an equivalent of only 
0.42% of the total US area and less than 1/7th of the area used for 
corn plantation in 2000 [20,21]. If cultivation off-shore or near-shore 
is considered, algae production does not require land resources at all. 

Algae-based fuels can also have technological advantages in 
terms of their distribution and marketing. They can be implemen- 
ted as ‘drop-in fuels’, which means that they can be used as 
a supplement and mixed with gasoline, jet fuels and diesel. It can 
be refined and distributed by means of the same infrastructural 
equipment as is used for the traditional gasoline. Thus, algae- 
based fuel technology can be implemented without time delays, 


1 Such capacities have been confirmed only on the experimental scale and 
need a commercial scale validation. 


850 J.R. Ziolkowska, L. Simon / Renewable and Sustainable Energy Reviews 29 (2014) 847-853 


additional infrastructural costs or any additional fuel cost increase 
at the pump, as is the case with other advanced biofuels, e.g., 
cellulosic ethanol. 

Moreover, algae-based fuel has similar biochemical character- 
istics (energy density, number of carbon atoms per molecule) as 
traditional gasoline and, as recently proved by Solazyme [22] (an 
industrial biotechnology company), it can be used with factory- 
standard engines, without any modifications. 


3.3. Social and policy advantages 


Algae can be seen as a viable substitute for both the traditional 
oil market (diesel and gasoline) and biofuels (biodiesel and corn- 
based ethanol). It could create a new niche for leveraging negative 
effects of the current drought and the existing tradeoffs between 
food/feed and fuel production from the corn feedstock. 

If applied to biodiesel and ethanol production on a large scale 
(with other advanced biofuels technologies, e.g., switchgrass, mis- 
canthus, waste oil), algae-based fuels could mitigate negative effects 
of spiking crude oil prices (and subsequently gasoline prices) and 
further reduce the dependency on foreign oil imports. It would 
further foster R&D in other renewable energy fields and biofuels of 
the future. 

Other than corn, sugar cane or other food-crops, algal feedstock 
is not impacted by food market price volatilities, which ensures 
higher price stability of the algae-based fuel for the consumers. 

In addition to the positive welfare effects, the development and 
implementation of algae-based fuels can bring about social benefits. 
According to its most recent release, Algenol will create thousands of 
jobs in Southwest Florida with a start of a new commercial algae- 
based fuel production as early as of 2013. The company estimates 
the production costs of algae-based ethanol at the market price of a 
dollar per gallon [23]. If implemented on a large scale, algae-based 
fuels can become an important niche on the biofuels market and 
would help to alleviate negative effects of the recent gasoline price 
spikes. 


4. Practical limitations to algae technology and prospective 
solutions 


The positive aspects of algae-based fuel production in terms of 
the economic, environmental and social aspects have not been 
sufficient at present to produce algae on a large commercial scale. 
One of the main impediments has been the high production costs 
and thus low cost efficiency of the final algae-based fuels. 

Algae biology and specific cultivation, harvesting and dewatering 
requirements, as well as the high costs of the conversion process, 
extraction and fractionation, fuel and co-product conversion, have 
limited the development of this technology for many years (com- 
pare: [1,24,25]). Currently, with the investments of private compa- 
nies, the main production barriers have been overcome, and algae- 
based fuel is currently supplied to the US Navy and US Marines [22]. 

Still, the cost efficiency aspect is the main challenge to imme- 
diately implement the algae technology on a large commercial scale 
and at an acceptable consumer price of the algae-based fuel, to be 
affordable and competitive with traditional gasoline prices. 

The price for the final algae-based fuel can vary, depending on 
the applied production technology (photobioreactors, open ponds 
or hybrid systems, which are all traditional ways of growing algae 
nowadays). An experimental study by Dimitrov [26] has found that 
algae oil produced with the GreenFuels photobioreactors could be 
competitive with gasoline only at the oil price of $800/barrel. In its 
report, US Department of Energy estimated the price of algae- 
based fuels produced on a large scale to be more than $8/gal 
(as compared to $4/gal for soybean-based fuel) [27]. Although, the 


cost estimations clearly vary among different studies, all evalua- 
tions conducted over a longer time period confirm a clear trend 
of a price decrease of algae-based fuels. According to Gallagher 
[13], over the past 30 years, the estimated price for algae-based 
oil (normalized to 2009 price values) has decreased from $6.09 
in 1982 [28] to $2.41 in 1996 [29]. This shows technological 
developments and indicates promising prospects for affordable 
algae-based fuel production on a commercial scale that could be 
competitive with the traditional gasoline. 


4.1. Economic solutions 


Recent developments in the field along with industry invest- 
ments by e.g., Solazyme (one of the biggest algae-based fuels 
producers) show that cost efficiency of algae can be improved by 
reducing intensive energy inputs [30]. This can also be achieved by 
using those algae strains that are characterized by very high lipid 
content, as well as by developing technological solutions that would 
allow one to lower energy intensity of harvesting and drying algae 
biomass. The production costs of algae are also determined by the 
nutrient supplies of nitrogen, phosphorous, iron and silicon [31] that 
need to be closely monitored to avoid impeded efficiency or algae 
overgrowth and the resulting toxicity and eutrophication of surface 
waters. Thus, the cost efficiency can also be increased on this level 
by implementing low energy appliances and technological solutions. 

Another innovative solution to the high processing costs is the 
newly introduced ‘direct-to-ethanol process marketed by Algenol 
which produces ethanol from cyanobacteria without the harvesting 
and dewatering stage, which clearly reduces the final ethanol costs. 
In this process, cyanobacteria are placed in low-cost closed flexible 
plastic film photobioreactors (PBRs) and the direct-to-ethanol 
system first takes advantage of algae's ability to produce sugar 
(pyruvate) from CO, and saltwater via photosynthesis. It then secrets 
ethanol from the cell into the saltwater medium as the next step. 
As the solar radiation intensifies during the day, ethanol concentra- 
tions build up and the ethanol evaporates into the ‘head space’ 
inside the PBR. As the sun goes down, the evaporated ethanol and 
water condense into droplets, which run along the plastic walls and 
into the ethanol collection rails, where it is removed from the PBR 
(Fig. 2). The remaining water and ethanol are further separated. The 
‘direct-to-ethanol’® process allows for producing high-value ethanol 
from CO», water (also wastewater) and sunlight without competing 
with food/feed production for arable land or fresh water [32]. The 
goal of Algenol is to reach the cost of $1.50-$1.70/gal at the current 
productivity levels, while Joule Unlimited is seeking to offer algae- 
based ethanol for $1.00/gal. 

A study by US DOE [|1] estimated that the production costs of 
algae-based fuels will also considerably decrease with growing 
R&D investments and will reach a cost level viable for commercial 
production in the mid-term, e.g., 5-15 years (Fig. 3). 

Another technology allowing for reducing costs and increasing 
efficiency of algae-based fuels has been introduced by Joule Unlim- 
ited and Algenol. It suggests ‘milking algae’ instead of harvesting 
them. This approach would allow for increasing oil yields by 50-150% 
(yields per pound of CO2) as compared to the traditional algae 
harvesting method | 15]. OriginOil presented the patent-pending ‘Live 
Extraction” milking algae process which would allow for algae oil 
(stored behind a tough cell wall) to be produced continuously by 
stimulating the cells through specific electrical modulations. In this 
way, a single algae cell is not destroyed and can produce more oil 
during its lifetime with a lower amount of energy input as compared 
to the harvesting process. 

When using the traditional algae harvesting method, OriginOil 
estimated potential algae-based fuel production costs at the level 
of $2.28/gal for gasoline or diesel using a blend of algae and waste 
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Fig. 2. Algae cell and ‘direct-to-ethanol’ process. 
Source: [33]. 
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Fig. 3. Roadmap Timeframe Multi-Stage for R&D, commercialization and deploy- 
ment of algae-based biofuels. 
Source: [1]. 


feedstocks and the land area of at least 50 ha (124 acres). The cost 
would double up to $5.44/gal if pure algae feedstock is used [34]. 
While the industry purports the algal feedstock as a source of 
unlimited possibilities, scientists try to estimate biological limita- 
tions of the feedstock. In their study, Weyer et al. [35] calculated 
the optimistic scenario for algae-based fuel production based on 
realistic efficiencies of the feedstock and technologies. They found 
the theoretical maximum to be 38,000 gal/ac/year of unrefined oil, 
while the best case ranges from 4350 to 5700 gal/ac/year. 
However, even biological limitations of the algae feedstock can be 
overcome with genetic engineering that could allow faster growth of 
algal biomass and/or higher lipid yields [36]. A study of Rodolfi et al. 
[37] showed that lipid accumulation in algae occurs during periods 
of environmental stress, e.g., growth under nutrient-deficient con- 
ditions. Increasing the activity of the enzyme responsible for the 
accumulation of lipid and fatty acids in microalgae via genetic 
engineering would allow for enhancing lipid production rates. The 
study showed that two microalgal strains (eustigmatophyte and 
nannochloropsis sp. F&M-M24) attained 60% lipid content after 
nitrogen starvation. Lipid productivity increased from 117 mg/l/day 
in nutrient sufficient conditions (with an average biomass produc- 
tivity of 0.36 g/l/day and 32% lipid content) to 204 mg/l/day (with an 


average biomass productivity of 0.30 g/l/day and more than 60% 
final lipid content) in nitrogen-deprived conditions. In a two-phase 
cultivation process (a nutrient sufficient phase to produce the 
inoculum followed by a nitrogen deprived phase to boost lipid 
synthesis), the oil production could reach more than 90 kg/ha/day. 
In addition, the study found that the eustigmatophyte algae strain 
has the potential to produce 20 t of lipid per hectare annually in the 
Mediterranean climate and more than 30t of lipid per hectare in 
sunny tropical areas. 

Other authors point out the necessity of combining different 
production technologies to make them sustainable and more cost- 
efficient in the mid- and long-term. Subhadra and George [38] 
introduced an algae-based fuel production farm and shrimp culture 
integrated with wind energy sector. Also Trent [39] developed a 
project ‘Offshore Membrane Enclosures for Growing Algae’ (OMEGA) 
that has the potential to be developed into the world's first marine 
photobioreactor. The OMEGA system is an off-shore network of 
floating photobioreactors for growing microalgae in a marine envir- 
onment using municipal wastewater as the source of water and 
nutrients for algae, while waves provide the energy for mixing and 
sequestering CO2. OMEGA does not compete for agricultural land 
and, because it uses municipal wastewater as the feedstock, it does 
not require freshwater or fertilizers (Fig. 4). 

The objective of the project is to design, test and analyze PBRs to 
model a full-scale algae farm deployment and to arrive at a 35% 
system design that would function in actual marine environments. 
OMEGA addresses many relevant problems and clearly offers a 
competitive solution as compared to land-based algae cultivation 
systems in terms of economics, cooling, mixing, energy, water, and 
land use. However, it also has its limitations and unsolved problem 
regarding species control, harvesting, dewatering. It also faces 
several challenges associated with its offshore location (engineering, 
materials, permits) and the impact on marine ecosystem coastal area 
fishing, boating and ship traffic. A possible cost reduction of this 
system could be achieved by incorporating wind and solar facilities 
to produce other forms of energy in addition to algae-based fuels 
(compare: [39]). 


4.2. Policy solutions 


On the policy level, one of the effective ways to boost algae- 
based fuel production is establishing transparent policy frame- 
works and instruments, e.g., subsidies and mandates. 

As of the end of 2012, no tax incentives exist for the production 
of algae-based fuels. The lack of subsidy instruments has not 
harmed the algae sector in the past, since the algae-based fuels 
have not been available on a commercial scale and the strong R&D 
support for the commercialization of algae-based fuels has just 
recently begun. The US Government expressed its support for 
algae-based fuels as the Senate Finance Committee approved a bill 
in August 2012 that would extend, for the first time in history, the 
cellulosic biofuel tax credit to include algae-based fuels [40]. Until 
the bill is in force, algae fuel research and investments will benefit 
mainly from private grants and collaborations with the major oil 
companies, such as ExxonMobil, Chevron, BP, as well as Dow 
Chemical. 

When produced on the commercial scale, algae-based fuels 
would count for the ‘advanced biofuels’ mandate that was estab- 
lished by the Environmental Protection Agency (EPA) in 2007 with 
the Renewable Fuel Standard (RFS2) in the framework of the Energy 
Independence and Security Act (EISA). The mandatory RFS2 requires 
transportation fuels sold in the US to contain a minimum of 36 
billion gallons of renewable fuels, including at least 21 billion gallons 
from advanced (non-corn ethanol), cellulosic biofuels and biomass- 
based diesel, by 2022 | 1]. The ‘advanced biofuel mandate’ category is 
supposed to reach the level of 21 billion gallons by 2022 and 
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Fig. 4. OMEGA system (left) and OMEGA benefits (right). 
Source: [39]. 


contribute by at least 50% to the GHG emission reductions as 
compared to the traditional fuel emission levels [41]. 

In the past decades, financial support for research and develop- 
ment on algal technology from the US Government has been provided 
in limited scope and with limited success. The algal technology is not 
new as such, but it took many years to reach the current point of the 
first commercial supplies for the US Navy and US Marines. Research on 
algae and its industrial potentials was initiated in 1950s [42,43], while 
algal biomass has been considered as a feedstock for biofuels produc- 
tion in the early 1970s during the oil embargo that resulted in high oil 
prices. In 1978, the United States Department of Energy launched the 
Aquatic Species Program to investigate potentials of algae for biofuels 
production, while several pilot cultivation plants have been established 
in California, Hawaii and New Mexico. The project was discontinued in 
1996 based on a general conclusion about low cost-effectiveness of 
algae-based fuels as compared to the traditional gasoline [44,45]. 
In 2008, the Bioenergy Program for Advanced Biofuels launched under 
the Farm Bill 2008 has continuously supported farmers producing 
advanced biofuels feedstocks from 2008 to 2012. The bill provided $55 
million in 2009 and 2010, $85 million in 2011 and $105 million in 
2012 [46]. 

Over many years, pilot projects have been launched and con- 
ducted by several US universities, e.g., The University of Arizona, 
University of Illinois at Urbana-Champaign, University of California 
San Diego, University of Texas at Austin, University of Maine, 
University of Kansas, The College of William and Mary, Northern 
Illinois University, University of Texas at San Antonio, University of 
Georgia, Old Dominion University, Utah State University, New 
Mexico State University and Missouri University of Science and 
Technology. 

However, the development of the algal technology and algae- 
based fuels was possible mostly due to private investments. Nowa- 
days, Solazyme and Chevron, Shell and HR Biopetroleum, Global 
Green Solutions, Valcent Products and International Energy provide 
the market with algae-based fuels. Shell, Chevron, ExxonMobil and 
British Petroleum have invested around $1 billion in developing 
algae-based fuels due to their positive sustainability indexes and the 
prospects of large economies of scale [38]. In 2010, Solazyme 
delivered more than 21,000 gallons of algae-based diesel to the US 
Marines (Soladiesel) and jet fuel to the US Navy (Solajet). At the 
same time, Emerging-Markets estimated that algae-based fuel (also 
called ‘green crude’), supplied by Solazyme and Sapphire Energy, 
will reach the level of 6 million gallons by 2025 [34]. 

Nowadays, the industrial attempts to commercialize algae-based 
fuels find a strong political support of the US Department of Energy. 
According to Lane [47], and assuming a conservative estimate of 
13 g/m?/day of algae growth, the US has the capacity to produce 
5 billion gallons of algae-based fuel per year, provided a sufficient 
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amount of the available resources: sunlight, water/wastewater, nutri- 
ents, sites and CO3. However, current DOE Biomass Program seeks to 
achieve even a higher efficiency of algae growth (35 g/m?/day), which 
would considerably increase the total production potential in the US. 
In response to the growing industry interest and investments in 
algae-based fuels, the DOE expressed the possibility of targeting a 
40% reduction in operating costs from 2013 on [47]. 

In March 2012, the White House announced up to $35 million 
over three years to support research and development in advanced 
biofuels, bioenergy and high-value biobased products. The projects 
will be funded through the Biomass Research and Development 
Initiative (BRDI) - a joint program of the U.S. Department of 
Agriculture and the US Department of Energy [48]. 

According to the recent statement of the US National Research 
Council, ‘Biofuels made from algae, ..., cannot be made now on a large 
scale without using unsustainable amounts of energy, water and 
fertilizer’ [49]. It is important to realize that at the current develop- 
ment stage of the algae technology, algae-based fuels can be used 
solely as drop-in biofuels. They bear a high potential for supplement- 
ing traditional fuels to a certain degree; however, this process requires 
several years of intensive research and development. 

The enumerated examples show a strong support of the 
industry sector and the US Government for algae fuel technology 
in recent years and constitute an investment-friendly environment 
for the further R&D in the field. 


5. Conclusions 


In the past decade, algae have been discussed as a promising 
feedstock for biofuels production. However, missing technological 
infrastructure, low economies of scale and low cost-effectiveness of 
the algae-based fuels were the main impeding factors for a rapid 
development of this technology. Due to permanent attempts of 
science and industry to minimize production costs, algae have 
proven to be a superior feedstock for biofuel production as com- 
pared to other biofuels feedstocks in terms of its high environmental 
index and high energy efficiency of the final fuel. Algae do not 
compete with other feedstocks for natural resources and further, 
they do not impact food prices as is the case, for instance, with corn- 
based biofuels (compare: [50-53)). 

The main impediments for the commercialization of algae- 
based fuels have been high production costs. However, recent 
developments seek to reduce the final at-the-pump costs down to 
$1.00-$1.70/gal at the current productivity levels. 

Several technological approaches have been introduced, mostly 
by the industry sector to accelerate research and development of 
the algae fuel technology. Most of them emphasize the necessity of 
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reducing energy inputs in the production process. Among the new 
technologies are: ‘milking algae’ (that allows for continuous deriv- 
ing of algal oil instead of their one-time harvesting and proces- 
sing), genetic engineering (for increasing algae growth and lipid 
production by algal cells), ‘direct-to-ethanol’® process (which 
produces ethanol from cyanobacteria without the harvesting and 
dewatering stage) and combined off-shore systems, e.g., Offshore 
Membrane Enclosures for Growing Algae (that could incorporate 
algae production, in addition to wind and solar facilities). 

Several steps have been taken by the US Government in recent 
years to support algae-based fuel production, starting with a tax 
credit incentive and the $35 million project on advanced biofuels, 
bioenergy and high-value biobased products sponsored by USDA 
and US DOE. 

Due to optimistic experiences of the industry sector with the 
development and production of the algae technology in recent 
years, the prospects for this feedstock to become a feedstock 
of the future are promising. However, further research and devel- 
opments are necessary to make algae-based fuels an affordable 
product. 


References 


[1] US DOE. National algal biofuels technology roadmap. Washington, DC: DOE; 2010. 

[2] Ziolkowska J, Simon L. Biomass ethanol production faces challenges. ARE 
Update 2011;14(6):5-8. 

[3] Wang Y, Spalding MH. An inorganic carbon transport system responsible for 
acclimation specific to air levels of CO in Chlamydomonas reinhardtii. 
Proceedings of the National Academy of Sciences 2006; 103:10110-5. 

[4] Horn SJ. Seaweed biofuels: production of biogas and bioethanol from brown 
macroalgae. Saarbruecken: VDM Verlag; 2009. 

[5] Oligea. Ethanol from algae. (http://www.oilgae.com/algae/pro/eth/eth.html); 
2012 [accessed 10.10.12]. 

[6] Chisti Y. Biodiesel from microalgae. Biotechnology Advances 2007;25(3): 
294-306. 

[7] Schenk PM, Thomas-Hall SR, Stephens E, Marx UC, Mussgnug JH, Posten C, 
et al. Second generation biofuels: high-efficiency microalgae for biodiesel 
production. Bioenergy Research 2008;1:20-43. 

[8] Quinn J, Catton K, Wagner N, Bradley TH. Current large-scale US biofuel 
potential from microalgae cultivated in photobioreactors. Bioenergy Research 
2012;5(1):49-60. 

[9] McHugh DJ. A guide to the seaweed industry. Rome: Food and Agriculture 
Organization; 2003. 

[10] Pienkos P, Darzins A. The promise and challenges of microalgal-derived 
biofuels. Biofuels, Bioproducts and Biorefining 2009;3:431-40. 

[11] Hon-Nami K. A unique feature of hydrogen recovery in endogenous starchto- 
alcohol fermentation of the marine microalga, Chlamydomonas perigranulata. 
Applied Biochemistry and Biotechnology 2006;131:808-28. 

[12] Hirayama S, Ueda R, Ogushi Y, Hirano A, Samejima Y, Hon-Nami K, et al. 
Ethanol production from carbon dioxide by fermentative microalgae. Studies 
in Surface Science and Catalysis 1998;114:657-60. 

[13] Gallagher BJ. The economics of producing biodiesel from algae. Renewable Energy 
2011;36:158-62. 

[14] Demirbas FM. Biofuels for substainable development. Applied Energy 2011;88: 
3473-80. 

[15] Lane J. Ebony and ivory: The BioProcess Algae Story. Biofuels Digest. (http:// 
www.biofuelsdigest.com/bdigest/2012/09/26/ebony-and-ivory-the-bioproces 
s-algae-story/); 2012a [accessed 29.09.12]. 

[16] Greenwell HC, Laurens LML, Shields RJ, Lovitt RW, Flynn KJ. Placing microalgae 
on the biofuels priority list: a review of the technological challenges. Journal of 
the Royal Society Interface 2010;7(46):703-26. 

[17] Lele S. Indian Green Energy Awareness Center; n.d. (http://www.svlele.com/ 
karanj.htm) [accessed 20.10.12]. 

[18] Mata TM, Martins AA, Caetano NS. Microalgae for biodiesel production and other 
applications: a review. Renewable & Sustainable Energy Reviews 2010:217-32. 

[19] Ahmad AL, Yasin NHM, Derek CJC, Lim JK. Microalgae as a sustainable energy 
source for biodiesel production: a review. Renewable & Sustainable Energy 
Reviews 2011;15:584-93. 

[20] Hartman E. A promising oil alternative: algae energy. The Washington Post. 
<http://www.washingtonpost.com/wp-dyn/content/article/2008/01/03/AR2- 
008010303907. 
html); 2008 [06.03.12]. 

[21] Dyer G. A replacement for oil. The Chatham Daily News. (http://www.chathamdai 
lynews.ca/2008/06/17/a-replacement-for-oil); 2008 [accessed 18.06.12]. 

[22] Solazyme. Meeting the growing need for renewable fuels. (http://solazyme. 
com/fuels); 2012 [accessed 19.10.12]. 


[23] Algenol. Fast track to thousands of jobs. (http://www.algenolbiofuels.com/ 
media/news-articles); 2012a [accessed 15.10.12]. 

[24] Steiner U. Biofuels’ cost explosion necessitates adaptation of process concepts. 
Algae as alternative raw materials. Paper presented at the European white 
biotechnology summit, May 21-22, Frankfurt, Germany; 2008. 

[25] Radmer RJ. Commercial applications of algae: opportunities and constraints. 
Journal of Applied Phycology 1994;6(2):93-8. 

[26] Dimitrov K. GreenFuel technology: a case study for industrial photosynthetic 
energy capture [Ph.D. thesis]; 2007. 

[27] US DOE. Algal Biofuels. Biomass program. Washington D.C: DOE; 2008. 

[28] Benemann JR, Augenstein DC, Weissman JC. Microalgae as a source of liquid 
fuels. Appendix: technical feasibility analysis. Washington, DC: U.S. Depart- 
ment of Energy; 1982. 

[29] Benemann JR, Oswald WJ. Systems and economic analysis of microalgae ponds 
for conversion of CO; to biomass. Pittsburgh: Energy Technology Center; 1996. 

[30] Teixeira RE. Energy-efficient extraction of fuel and chemical feedstocks from 
algae. Green Chemistry 2012; 14(2):419-27. 

[31] Benemann JR, Oswald WJ. Final Report to US DOE NETL. Systems and economic 
analysis of microalgae ponds for conversion of CO, to biomass; 1996. 

[32] Algenol. Commercial advantage . (http://www.algenol.com/commercializa 
tion/globally-competitive); 2012b [accessed 15.10.12]. 

[33] Algenol. Overview of technology . (http://www.algenolbiofuels.com/overview. 
htm); 2011 [accessed 18.10.12]. 

[34] BiofuelsDigest. Obama touts algal biofuels; $14 million in new R&D funding. 
$2.28 per algal biofuels in sight? (http://www.biofuelsdigest.com/bdigest/ 
2012/02/27/obama-touts-algal-biofuels-14m-in-new-r-2-28-per-gallon-algal- 
biofuels-in-sight/); 2012 [accessed 17.10.12]. 

[35] Weyer K, Bush DR, Darzins A, Willson BD. Theoretical Maximum algal oil 
production. Bioenergy Research 2010;3:204-13. 

[36] Originoil. Algae screen and live extraction. (http://www.originoil.com/technol 
ogy/live-extraction.html); 2012 [accessed 16.10.12]. 

[37] Rodolfi L, Chini Zittelli G, Bassi N, Padovani G, Biondi N, Bonini G, et al. 
Microalgae for oil: strain selection, induction of lipid synthesis and outdoor 
mass cultivation in a low-cost photobioreactor. Biotechnology and Bioengi- 
neering 2009;102(1):100-12. 

[38] Subhadra B, Grinson G. Algal biorefinery-based industry: an approach to 
address fuel and food insecurity for a carbon-smart world. Journal of the 
Science of Food and Agriculture 2011;91(1):2-13. 

[39] Trent J. OMEGA NASA-Navy. A MoA Planning Discussion. Washington D.C.; 
September, 7th, 2010. 

[40] ABO (Algal Biomass Organization). The algae biofuel tax credit. (http://www. 
algaebiomass.org/the-algae-biofuel-tax-credit/); 2012 [accessed 17.10.12]. 

[41] US Environmental Protection Agency (EPA). National renewable fuel standard 
program - overview. Washington, DC: Office of Transportation and Air Quality, 
EPA; 2010. 

[42] Meier RL. Biological cycles in the transformation of solar energy into useful 
fuels. Solar Energy Research 1955:179-83. 

[43] Oswald WJ, Golueke CG. Biological transformation of solar energy. Advances 
in Applied Microbiology 1960; 11:223-42. 

[44] Sheehan J, Dunahay T, Benemann J, Roessler P. A look back at the U.S. 
Department of Energy's aquatic species program-Biodiesel from algae. 
(http://www.nrel.gov/docs/fy04osti/34796.pdf); 1998 [accessed 27.06.07]. 

[45] Benemann JR, Pursoff P, Oswald WJ. Engineering design and cost analysis of a 
large-scale microalgae biomass system. Final Report to the US Energy 
Department, NTIS# H CP/T 1605(UC-61), p. 91; 1978. 

[46] Cornell University. 7 USC § 8105 - Bioenergy program for advanced biofuels. 
(http://www.law.cornell.edu/uscode/text/7/8105); 2012 [accessed 17.10.12]. 

[47] Lane J. Heard it through the Grapevine: Useful facts and scuttlebutt from the Algae 
Biomass Summit. (http://www.biofuelsdigest.com/bdigest/2012/09/27/); 2012b 
[accessed 29.09.12]. 

[48] USDA. Obama Administration Announces New Funding for Biomass Research 
and Development Initiative. Research to advance next generation biofuels and 
renewable energy technologies.  http://www.csrees.usda.gov/newsroom/ 
news/2012news/03221_brdi_solicitation.html)2012 [accessed 17.10.12]. 

[49] Reuters. Algae biofuel not sustainable now-U.S. research council. (http://www.reu- 
ters.com/article/2012/10/24/us-usa-biofuels-algae-idUSBRE89N 1Q820121024?feed 
Type=RSS&feedName=scienceNews&utm_source=feedburner&utm_medium= 
feed&utm_campaign=Feed%3A + reuters%2FscienceNews + %28Reuters+ Science+ 
News%29); 2012 [accessed 27.10.12]. 

[50] Baier S, Clements M, Griffiths C, Ihrig J. Biofuels impact on crop and food 
prices: using an interactive spreadsheet. International Finance Discussion 
Papers: Number 967. Board of Governors of the Federal Reserve System; 2009. 

[51] Banse M, van Meijl H, Tabeau A, Woltjer G, Will EU. biofuel policies affect global 
agricultural markets. European Review of Agricultural Economics 2008;35(2): 
117-41. 

[52] Collins K. The role of biofuels and other factors in increasing farm and food 
prices: a review of recent development with a focus on feed grain markets and 
market prospects. Report commissioned by Kraft Food Global; 2008. 

[53] Rosegrant M.W. Biofuels and grain prices: impacts and policy responses. 
Testimony for the U.S. Senate Committee on Homeland Security and Governmental 
Affairs; 2008. 


